CONVERSION FACTORS AND ABBREVIATIONS
25.4 millimeters per hou~ ___cubic feet per second -hour (ft3/s-h)_____________0.02832____________cubic meters per second -hour Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 a geodetic datum derived from a general adjustment of the first-order level nets of the United States and Canada, formerly called the Sea Level Datum of 1929. stream channels. The model was calibrated with hyetographs from two rain gages, hydrographs from two streamflow gages, and peak-flood elevations from two crest-stage gages that were operated in the watershed from March 1989 through July 1992. Standard errors of estimate for peak discharge at Northfield Boulevard and Compton Road are 41.4 and 92.2 percent, respectively. Standard errors of estimate for runoff volumes at Northfield Boulevard and Compton Road are 53.5 and 97.6 percent, respectively.
The calibrated model was used to simulate flood hydrographs for 73 large storms occurring during the period 1901-90 and the simulated flood peaks were used to develop flood-frequency relations for present (1992) conditions in the watershed.
Flood discharges for the 100-year recurrence-interval storm were estimated as 350 cubic o feet per second (ft /s) at Northfield Boulevard. 1,100 ft3/s upstream of DeJarnett Lane, 610 ft3/s downstream of DeJarnett Lane, 800 ft3/s upstream of Osborne Lane, 790 ft3/s downstream of Osborne Lane, and 1,000 ft3/s at Compton Road. The effect of detention storage on flood hydrographs was simulated at several locations in the watershed. Detention storage upstream of DeJarnett Lane significantly reduces downstream flood peaks, whereas detention storage upstream of Osborne Lane has almost no effect. The results of this study indicate that the Distributed Routing Rainfall-Runoff Model could be an important tool for testing the effects of potential future development and flood storage alternatives on flooding in small urban watersheds throughout the area.
INTRODUCTION
Urban development in and surrounding Murfreesboro, Tennessee, has increased steadily during the last two decades. Urban development alters the runoff characteristics of a drainage basin, primarily through associated increases in impervious areas, streamchannel improvements, storm-sewer developments, and curb and gutter streets. These changes increase the velocity and in some cases the volume of runoff, which in turn affect increases in the size of flood peaks for a given storm event.
A calibrated rainfall-runoff model is a tool to predict the hydrologic effect of specific options in urban development, such as regulations controlling density of developments, amount of impervious surfaces, and site design. Hydrologic effect is commonly quantified by estimating changes in a basin's floodfrequency characteristics, which are in turn estimated from model-simulated data.
In addition to land-use planning, a model is also useful in design of drainage systems. The model can be used to estimate detention storage and the corresponding attenuation of flood peaks of existing snd designed culverts, bridges, and stormwater deter'ion basins.
The U.S. Geological Survey (USGS) Distributed Routing Rainfall-Runoff Model, DR3M (Alley and Smith, 1982) , has been applied for these purposes to many small urban watersheds throughout the country. The model was designed specifically to simulate a small watershed with a distributed pattern of runoff characteristics and a variety of detention storage structures. This model has not been applied, however, to an area with hydrologic characteristics similar to the Murfreesboro area. The Murfreesboro area lies within the inner part of the Central Basin of Tennessee, and is characterized by thin soil cover overlying dense limestone formations. As a result of this poor water-storing capacity, streams in this area are extremely flashy. DR3M has not been tested for its ability to simulate these unusual hydrologic conditions, and consequently its usefulness as a tool in land-use planning and drainageway design in this and similar areas is not known.
In 1989, the USGS, in cooperation with the City of Murfreesboro, initiated a 3-year study of a small urban watershed, Bear Branch, in northern Murfreesboro. The objectives of this study were to: 1. Collect rainfall and streamflow data at Bear Branch watershed during the period 1989-92. 2. Calibrate DR3M for present conditions at Bear Branch watershed using hydrologic data collected during the period March 1989 through July 1992. 3. Develop flood-frequency relations at Bear Branch using simulated peak streamflows for the periods 1901-70, 1979,1986, and 1990. 4 . Use the calibrated model to quantify the effectiveness of detention storage at two locations in the watershed. Experience gained from calibrating and applying the model in this watershed can be used to indicate validity of DR3M for similar watersheds in the Central Basin of Tennessee.
Purpose and Scope
The purposes of this report are to: summarize the methods of data collection and analysis for this study; describe the calibrated rainfall-runoff model; present the flood-frequency relations for current (1992) conditions; and present information on detention-storage characteristics at two locations in the watershed. Information presented in the report includes calibrated model parameters, model application techniques, watershed physical characteristics, observed hyetographs, observed and simulated hydrographs, and flood-frequency relations.
Description of the study area
The Murfreesboro area receives an average of 51 inches of rainfall each year. This amount is not evenly distributed throughout the year, however; the wettest month is March which receives an average of 5.35 inches of rain, the driest month is October which receives an average of 2.87 inches (Perrich, 1993) . Some evaporation takes place during the, whole year but most occurs during the warmer months. Roughly 66 percent of all evapotranspiration (evaporation plus transpiration) takes place during the months of May through August (Nave, 1961, p. 24) .
Murfreesboro lies within the inner part of the Central Basin physiographic province of Tennessee. Soil cover in this area is thin, generally less than 4 feet, and overlies dense limestone. In some areas, the land surface is bare of all soil cover except in the joints (vertical cracks) between blocks of limestone. The thin soil cannot store much water, and the only space for water storage in the dense bedrock is in cracks and solution cavities that develop along the joints. Joints are probably the principal pathways by which water is discharged from rock formations into the streams. As a result of the relatively small capacity for water storage, the streams in the Murfreesboro area are extremely flashy the discharge rate of the streams changes rapidly during storm runoff (Burchett and Moore, 1971, p. 8) .
The larger streams in the Murfreesboro area have well-defined channels cut into the limestone bedrock. The smaller streams usually have poorly-defined channels and flow in broad, shallow depressions; in many cases, the depth of a channel is determined by the thickness of the soil cover (Burchett and Moore, 1971, p. 6) .
Bear Branch flows in a northerly direction, joining with Dry Branch, a smaller tributary, just prior to emptying into East Fork Stones River at a point adjacent to the Alvin C. York Veterans Administration Hospital in northern Murfreesboro. The Distributed Routing Rainfall-Runoff Model was applied to a 2.27-square-mile part of the Bear Branch watershed (the study area). The study area extend^ about four miles in length from the headwaters of the watershed at Middle Tennessee State University to Compton Road, the northern limit of the study area (figure 1).
Land surfaces in the study area are composed of approximately 6 percent impervious surfaces including paved areas and buildings and 94 percent pervious surfaces including yards, forest, fields and pasture. Land surface elevations in the study area range from approximately 620 feet above sea leve1 in the headwaters to about 540 feet above sea level at Compton Road. The average land slope in the study area is approximately 0.015 foot per foot. The Bear Branch stream channel, typical of most small streams in the Murfreesboro area, is poorly formed and heavily vegetated in many places. The average stream channel bed slope in the study area is about 0.0042 foot per foot.
The effect of detention storage was simulated at three sites in the study area. The area upstream of Northfield Boulevard, where the channel is poorly formed and heavily vegetated, was simulated as a site of detention storage. Also, the road beds and culverts at DeJarnett Lane and Osborne Lane were simulated as sites of detention storage.
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DATA COLLECTION
Rainfall and streamflow data were collected at two sites, and crest-stage data at two additional sites (Outlaw and others, 1992) . Additional data required for model calibration and historical simulation are daily evaporation amounts, lon'Tterm daily rainfall amounts, and long-term unit (5-minute) rainfall amounts for selected storm per ods. Daily evaporation amounts were obtained from tH records of the National Weather Service (NWS) gages in Tennessee for the period 1901 through 1992. Eaily rainfall amounts and unit rainfall for annual peak storms for the period 1901 through 1970 were obtained from the NWS gage at Nashville. In addition, unit rainfall for three large storms that occurred in Murfreesboro in 1979 Murfreesboro in ,1986 Murfreesboro in , and 1990 were obtained from the NWS gage in Murfreesboro (for 1979 and 1986 storms) and the USGS rain gages in Murfreesboro (for the 1990 storm).
CALIBRATION OF RAINFALL-RUNOFF MODEL, DR3M
DR3M is a computer model that can be calibrated to simulate the hydrologic characteristics of a specific watershed using known or measured physical characteristics and hydrologic data for the watershed. Application of DR3M to Bear Branch watershed was accomplished with the aid of two additional computer 
Crest-stage gages
Bear Branch near Murfreesboro.
Bear Branch near Compton.
Upstream gage located at left bank, 40 feet upstream of culvert on DeJarnett Lane. Downstream gage located at left downstream wingwall.
Upstream gage located at left bank, 20 feet upstream of culvert on Osborne Lane. Downstream gage located at left bank, 10 feet downstream of culvert. programs: ANNIE, the USGS watershed data management file pre-and post-processing routines (Lumb and others, 1990) ; and WSPRO, the USGS water-surface profile computation model (Shearman, 1990) . A flow chart of the method of analysis ( fig. 2 ) illustrates the interaction between the models. DR3M opens a watershed data management (WDM) file to read observed rainfall, evaporation, and streamflow information, and to write simulated streamflow information. ANNIE software was used to create the WDM file and to add the observed hydrologic data. It was also used to produce rainfall-runoff plots and flood-frequency relations.
Calibration of Rainfall-Runoff Model, DFy
The water-surface profile model, WSPRO, was used to analyze discharge characteristics at two culverts on Bear Branch where the effects of detention storage were simulated by DR3M. Discharge and backwater elevations provided by these hydraulic analyses were used with 2-foot contour interval topographic maps provided by the City of Murfreesboro to quantify detention storage at the culverts.
It is important to note that the results of this study apply specifically to Bear Branch. However, the techniques used are transferable to other small urban watersheds with a similar hydrologic setting where observed rainfall and streamflow data are available.
Model Construction
DR3M requires information contained in two data files: a model control file, and a watershed data management (WDM) file. The model control file identifies storms to be simulated and defines the watershed in numeric terms. The WDM file contains observed hydrologic data for the period of model simulation. Examples of the input data files are shown in the DR3M user's manual.
Watershed Data
Bear Branch watershed was defined as a set of overland segments, channel segments, and nodes. Bear Branch watershed was segmented to contain 26 overland segments, 14 channel segments, and 10 nodes. Detention storage was incorporated at three of these nodes. A schematic representation of the watershed ( fig. 3) shows the location of the segments and nodes.
Overland segments carry uniformly distributed excess rainfall to channel segments. Overland segments can be conceptualized as rectangular planes with unique physical characteristics. These characteristics include rectangle dimensions (overland-flow length and channel length), surface slope, percentages of surface area representing pervious and impervious surfaces, and flow-resistance parameters applicable to pervious and impervious surfaces (table 2) . Overlandsegment characteristics for Bear Branch watershed reported in table 2 were determined using 2-foot contour interval topographic maps provided by the City of Murfreesboro and from field surveys. Evaporation, soil-moisture, and rainfall infiltration parameters (table 3) are used by DR3M to estimate so;l-moisture conditions between storm simulations and rainfall infiltration rates during storm simulations. Values for these parameters are determined by the mo lei using an optimization technique described in a later section.
Channel segments receive uniform lateral inflow from overland segments and upstream inflow from other channel segments and detention-storage nodes. For Bear Branch watershed, channel segments are classified by the general shape of the cl ^nnel cross section as natural or triangular. The natural channels have trapezoidal shaped cross sections. The triangular channels have equal side slopes.
Physical characteristics used to describe natural channels include length, slope, and kinematic wave parameters. Kinematic wave parameters, vhich are discussed in detail in the DR3M user's manual (Alley and Smith, 1982) , incorporate channel gecrnetry, slope, and roughness. For natural channels general expressions for the kinematic wave parameters, a and m, have been developed by rearranging the parameters in the Manning formula. To solve the equations for the kinematic wave parameters, a log-log relation must be developed between the wetted perimeter and flow area of a given channel cross section. The slope and y-intercept of the log-log relation can be substituted into the rearranged Manning formula to scVe for the kinematic wave parameters. Physical characteristics used to describe triangular channels include length, slope, side slopes, and Manning's roughness coefficient. DR3M computes kinematic wave parameters for triangular channels. Channel-segment characteristics for Bear Branch watershed (table 4) were determined using the 2-foot contour interval topographic maps.
Nodes are located at the downstream end of channel segments. DR3M provides simulated discharge hydrographs at each node. Storage nodes are used to incorporate the effects of in-chann^l detention storage on flood characteristics and flood frequencies. Ratio of suction at the wetting front for soil moisture at wilting point to that at field capacity. Typical range is 5 to 20.
Suction at the wetting front for soil moisture at the field capacity, in inches. Typical range is 0.5 to 8.0.
Three sites where detention storage was a factor were simulated in Bear Branch watershed (fig. 3) . The site upstream of Northfield Boulevard (node 9, fig. 3 ) represents the combined storage of a poorly formed, heavily vegetated channel with several ponds, sinks, and depressions. At this site, a storage constant of 1-hour (Alley and Smith, 1982, p. 15, 56) was used. This storage constant is used in the linear-storage routing equation S=KO, where S is the reservoir storage, O is outflow from the reservoir, and K is the storage constant. The storage constant of 1 hour was determined by trial and error during the calibration of the model. Detention storage at DeJarnett Lane (gage 2, fig. 1 ; node 5, fig. 3 ) and at Osborne Lane (gage 3, fig. 1; node 3, fig. 3 ) was used to account for ponding behind culverts. Outflow-storage relations (table 5) were developed for gages 2 and 3 using WSPRO (Shearman, 1990) , 2-foot contour interval topographic maps and field surveys.
Hydrologic Data
DR3M requires evaporation and rainfall information to perform streamflow simulations. Daily amounts of evaporation and rainfall are used by DI^M to simulate antecedent soil-moisture conditions that control rainfall infiltration rates and the production of excess rainfall during simulated storms. Simulated storms are defined by 5-minute time-step rainfall hyetographs.
Table 4. Physical characteristics of channel segments
The model simulates streamflow, at 5-minute intervals, produced by storm runoff. These simulations do not include base flow. Observed streamflow data were used to check the accuracy of model-simulated streamflow.
During the 3 years of data collection, usat Je rainfall and runoff data were recorded for 21 storms. These 21 storms are referred to as the model calibration storms in this report. The model calibration storms include a storm occurring on February 3,1990. This storm was the largest to occur in Murfreestoro during the period of this study (March 1989 through June 1992 . Particular emphasis was placed on ensuring the calibrated computer model accurately simulated the magnitude and timing of runoff produced by the February 3, 1990 storm. Flood-frequency relations developed for Bear Branch during this study ind'^ate that this particular storm has a recurrence interval of from 10 to 20 years.
Model Simulation of Storms During May 1989-June 1992
DR3M was calibrated for present conditions in the Bear Branch watershed using hydrologic data collected from 21 storms during the period March 1989 through July 1992 (table 6) . Model-simulated streamflow hydrographs are compared with observed hydrographs (from which base flow has been removed) to [ft, feet; ft/ft, foot per foot; kinematic wave parameters are given for natural channels and are discussed in the Distributed Routing Rainfall-Runoff Model user's manual (Alley and Smith, 1982) ; side slopes are given for triangular channels as the ratio of feet horizontal to feet vertical; --, no data] Table 5 . Outflow-storage relations for culverts at gages 2 and 3
[Water-surface elevation is given in feet (ft) above sea level at upstream side of culvert; ft'/s, cubic feet per second; ft'/s-h, cubic feet per second-hours; gage 2, DeJarnett Lane; gage 3, Osbome Lane; gage locations are shown on figure 1] ensure that the model is accurately simulating streamflow (table 7) . Rainfall-runoff plots for several of the calibration storms are provided in the Supplemental Information section of this report.
Rainfall data were collected at two separate locations ( fig. 1) for the calibration storms. These data define variation in rainfall amount and intensity within the watershed (table 6) and allow for more accurate calibration of DR3M.
Calibrating a rainfall-runoff model requires a systematic adjustment of model parameters that control excess rainfall production and streamflow routing. Specifically, excess rainfall production is adjusted by optimizing soil-moisture accounting and infiltration parameters using a modified Rosenbrock direct-search technique (Alley and Lumb, 1982, p.17, 31) . Streamflow routing is controlled by adjusting the kinematic wave parameters as necessary to reproduce similar timing and peaks of simulated and observed streamflow hydrographs (Alley and Lumb, 1982, p. 31) .
Simulated peak discharge and detention-storage information is provided for culverts at DeJarnett Lane (gage 2, fig. 1 ) and Osborne Lane (gage 3, fig. 1 
Reliability of Model Calibration
The differences between observed and simulated peak discharges and runoff volumes for the 21 calibration storms (table 7) can be used as an indication of the accuracy of the calibrated model. Graphical presentations of observed and model simulated peak discharges at Northfield Boulevard (gage 1) and Compton Road (gage 4) are provided as figures 4 and 5. The standard errors of estimate for peak discharge at gage 1 and gage 4 are 41.4 and 92.2 percent, respectively. Graphical presentations of observed and model simulated runoff volumes at gage 1 and gage 4 are provided as figures 6 and 7. The standard error of estimate for runoff volume at gages 1 and 4 are 53.5 and 97.6 percent, respectively.
Errors can be attributed to several sources. A large part of random model error is probably due to errors in measuring the rainfall over the watershed and the runoff in the creek. Other errors are probably attributable to the inability of the model algorithms to Table 6 . Period of simulation, base flow, and rainfall amount at gages 1 and 4 for calibration storms [Time is given in hours and minutes on a 24-hour time scale; fr/s, cubic feet per second; in., inches; p, plot provided in Supplemental Information section; gage 1, Northfield Boulevard; gage 4, Compton Road; gage locations shown on figure 1; accurately imitate nature. DR3M is most accurately applied to small, highly urban, non-karst drainage basins.
SIMULATION OF ANNUAL PEAK DISCHARGE AND VOLUME
Historical records of evaporation and rainfall were used by DR3M to synthesize long-term record of peak streamflows and storage volumes at gaged locations on Bear Branch (table 9) . Daily values of evaporation supplied to the model were obtained from evaporation records published by the NWS for Tennessee for the period 1901-92. Historical records of rainfall were obtained from the NWS gage at Nashville for the period 1901-70. Five-minute time-step rainfall hyetographs for significant storms occurring during this period were developed from rain gage strip-chart records. Additionally, large storms that occurred at Murfreesboro in September 1979 , September 1986 , and February 1990 were simulated by DR3M.
Historical simulations for the periods 1901-70, 1979, and 1986 were made using a single basin-wide rainfall hyetograph, because distributed information was not available for these storms. The historical simulation for the 1990 storm used the same distributed rainfall hyetograph, incorporating infonnation from rain gages at Northfield Boulevard (gage 1) and Compton Road (gage 4), that was used during model calibration for this storm. Consequently, streamflow hydrographs from the historical simulation of this storm are identical to results obtained during model calibration. A rainfall-runoff plot for the storm occurring on September 3-4, 1986 (Supplemental Information section) is provided to illustrate the dynamic nature of a flood hydrograph on Bear Pranch.
FLOOD-FREQUENCY CHARACTERISTICS
Flood-frequency relations were developed for Bear Branch using simulated annual peak flows for the periods 1901-70, 1979, 1986, and 1990 , and using statistical methods described in Bulletin 17B of the Interagency Committee on Water Data of the Water Table 9 . Simulated annual peak discharge at gages 1 through 4 and detention-storage volume at gages 2 and 3 for water years 1901 -70,1979 , 1986 [Water year 1901 , October 1, 1900 to September 30, 1901 in., Water year 1901 1902 1903 1904 1905 1906 1907 1908 1909 1910 1911 1912 1913 1914 1915 1916 1917 1918 1919 1920 1921 1922 1923 1924 1925 1926 1927 1928 1929 1930 1931 1932 1933 1934 1935 1936 1937 1938 1939 1940 1941 1942 1943 1944 Rainfall amount (in.) Gage 1 Peak discharge (ftVs) Table 9 . Simulated annual peak discharge at gages 1 through 4 and detention-storage volume at gages 2 and 3 for water years 1901-70, 1979,1986, and 1990 Continued
DETENTION-STORAGE CHARACTERISTICS
Results from the historical simulation and floodfrequency analysis were used to characterize detention storage at existing culverts at Compton Road and DeJarnett Lane. Simulated peak values of detentionstorage volumes for the period 1901-90 at DeJarnett Lane and Osborne Lane were 850 and 170 ft3/s-h, respectively. The water-surface elevations corresponding with these peak volumes are about 580.0 and 565.5 feet above sea level, respectively, computed from outflow-storage relations at DeJarnett Lane (gage 2) and Osborne Lane (gage 3) (table 5).
Comparison of upstream to downstream estimates for a given annual exceedence probability 69  91  130  210  340  410  500  560  610  660  720   56  76  110  190  300  360  430  470  520  550  600   81  110  140  240  390  490  600  680  760  830  920   33  41  72  96  130  240  390  490  620  710  790  880  980   23  30  58  80  110  210  340  420  520  590  650  720  800   42  52  87  110  150  270  450  590  760  880  1,000  1,100  1,300 Detention-Storage Characteristics (table 11) shows that detention storage upstream of DeJarnett Lane (gage 2) significantly reduces downstream flood peaks. Detention storage upstream of Osborne Lane (gage 3), however, has almost no effect, particularly for events with lower annual exceedence probability (longer recurrence interval). Outflowstorage relations (table 5) developed for the culverts at DeJarnett Lane and Osborne Lane clearly show that for large storms, where inflow to a culvert exceeds outflow, the available storage volume upstream of DeJarnett Lane can readily hold excess runoff without allowing DeJarnett Lane to overtop, whereas, the small storage volume upstream of Osborne Lane quickly fills allowing excess runoff to flow over Osborne Lane.
SUMMARY
The Distributed Routing Rainfall-Runoff Model, DR3M, was applied to a 2.27-square-mile part of Bear Branch watershed in northern Murfreesboro, Tennessee. Kinematic wave theory was used to route excess rainfall through a system of 26 overland segments and 14 channel segments. On-channel detention storage was simulated at three locations: the heavily vegetated lowland upstream of Northfield Boulevard, the culvert at DeJarnett Lane, and the culvert at Osborne Lane.
DR3M was calibrated for present conditions with observed rainfall and streamflow data collected at the watershed for 21 storms occurring during the period May 1989 through June 1992. The standard errors of estimate for peak discharge at Northfield Boulevard (gage 1) and Compton Road (gage 4) are 41.4 and 92.2 percent, respectively. The standard error of estimate for runoff volume at gages 1 and 4 are 53.5 and 97.6 percent, respectively.
Errors can be attributed to several sources. A large part of random model error is probably due to errors in measuring the rainfall over the watershed and the runoff in the creek. Other errors are probably attributable to the inability of the model algorithms to accurately imitate nature. DR3M is most accurately applied to small, highly urban, non-karst drainage basins.
The calibrated model was used to simulate streamflow produced by the largest storm from each year during the periods 1901-70, 1979, 1986, and 1990 . Flood-frequency relations were developed from these simulations, using methods developed by the Water Resources Council (U.S. Geological Survey, 1982) , at Northfield Boulevard, upstream and downstream of DeJarnett Lane, upstream and downstream of Osborne Lane, and upstream of Conpton Road. Flood discharges for the 100-year recurrence-interval storm were estimated as 350 (ft3/s) at ? Torthfield Boulevard, 1,100 ft3/s upstream of DeJarnett Lane, 610 ft3/s downstream of DeJarnett Lare, 800 ft3/s upstream of Osborne Lane, 790 ft3/s downstream of Osborne Lane, and 1,000 ft3/s at Compton Road. Detention storage upstream of DeJarnett Lane significantly reduces downstream flood peaks, whereas, detention storage upstream of Osborne Lane has almost no effect. 
